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ABSTRACT 
This repor t  p resents  a review of work accomplished 
under the p re sen t  contract ,  covering the per iod 25 
March  1961 through 31 December 1965, and is based 
upon summar ies  of the published papers  and repor t s .  
Recommendations for  future r e s e a r c h  a r e  also given. 
INTRODUCTION . 
The effects of liquid propellant s losh behavior on rocket  vehicle 
design and development continue to be of g rea t  concern.  
ma jo r  developments in propulsion capabilities, the demand for  maximum 
payload and consequent weight saving in s t ruc tura l  sys tems continues to 
st imulate design procedures  for optimum baffle a r rangements  and effec- 
t iveness.  Also, with increasing requirements  for p rec i se  mission 
control and guidance has  come the need for m o r e  detailed information 
regarding s losh forces  in propellant tanks of varying geometry and 
f o r  wide ranges of excitation conditions. 
s eve ra l  types of slosh-induced oscil latory motions has  certainly given 
added impetus to investigations of liquid propellant dynamic behavior. 
In spite of 
The in-flight occurrence of 
The r e sea rch  investigation conducted under the present  contract  
is largely a d i rec t  continuation of work originally sponsored" by the U. S. 
A r m y  Ordnance Missi le  Command of the Army Ballist ic Missi le  Agency, 
and  has  been supplemented to  some extent by another contract*" with the 
NASA Office of Advanced Research and Technology. 
of re la ted r e sea rch  p rograms  a t  SwRI is given in the Appendix. 
A brief discussion 
.I. 
'I. Contract No. DA-23-072-ORD-1251 
-'-'* Contract No. NASw- 146 
4. J. 
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. The genera l  scope of work conducted under the present  p rogram 
may  be descr ibed as: (a) investigation of s losh charac te r i s t ics  in 
cylindrical compartmented and spherical  tanks, (b)  evaluation of 
var ious aspec ts  of baffle performance and effectiveness, and ( c )  an 
exploratory study of dome impact under launch abor t  o r  orbital  docking 
conditions. 
viding basic  data on s losh forces under harmonic excitation, has 
The first of these a r e a s  of r e sea rch ,  in addition to pro-  
pointed up the significant nonlinear effects occurring with these tank 
configurations. The effects of w a l l  perforation in cylindrical  tanks 
were  a l so  found to be unusual in severa l  respec ts .  
design import  on ring baffle charac te r i s t ics  were  obtained, par t icular ly  
as regards  perforation. 
be continued under another contract .  
Much new data of 
I t  is planned that these r e s e a r c h  efforts will 
The details  of the several  investigations conducted in each of 
the technical areas, and involving extensive laboratory studies and 
related theoretical  analyses ,  a r e  given in  various Technical Reports  
published throughout the period of performance of this program.  In 
fact, the present  r epor t  is intended to constitute a review of work 
accomplished in this program by means  of the summaries of papers  
a n d  repor t s  that  have been issued, as l i s ted  in the following section. 
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SUMMARIES O F  PUBLISHED PAPERS 
AND TECHNICAL REPORTS 
1. "Some Notes on Liquid Sloshing in Compartmented Cylindrical  
Tanks,  by H. Norman Abramson, Luis  R .  Garza  and Daniel 
D. Kana, Tech. Rept. No. 1, 15 February  1962 (a l so  see ,  
ARS Journal,  - 32, pp. 978-980, June 1962). 
The present  paper gives  some resu l t s  of 
experimental  studies of frequencies and total 
force response in rigid cylindrical tanks com- 
par tmented into sec tors  by ver t ical  walls and 
excited in translation. These data a r e  c o r -  
re la ted with theoretical  values,  where available. 
Some theoretical  values for cylindrical tanks 
with annular c ros s  sections a r e  a l so  shown for  
comparative purposes.  
2 .  "Liquid Sloshing in Spherical Tanks, " by H. Norman Abramson, 
Wen-Hwa Chu and Luis  R. Garza ,  Tech. Rept. No. 2 ,  15 March  
1962 (a l so  see ,  AIAA Journal,  - 1, pp. 384-389, Februa ry  1963). 
The purpose of the present  paper is to present  
experimental  data on the forced vibration 
charac te r i s t ics  of partially filled unbaffled 
and baffled spherical  tanks. 
fled tank, comparisoIis i i ~ e  il-iade with previ- 
ously measu red  natural  frequencies and with 
the predictions of the Budiansky analysis .  
the baffled tanks, comparisons are  made  with 
the force response predicted f rom an equivalent 
mechanical model. 
F o r  the unbaf- 
F o r  
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3. "Liquid Sloshing in  45O Sector Compartmented Cylindrical 
Tanks,  'I by H. Norman Abramson, Wen-Hwa Chu and 
Luis  R. Garza ,  Tech. Rept. No. 3, 1 November 1962. 
The present  paper is a continuation of 
studies of liquid sloshing in compartmented 
cylindrical tanks. Experimental  data on 
frequencies and total force response for a 45O 
sec tor  compartmented tank a r e  presented and 
cor re la ted  with theoretical  frequencies and 
with similar data for  90' sec tor  (quar te r )  
tanks. This data shows the strong dependence 
of liquid natural  frequency on excitation ampli-  
tude and a large decrease  in natural  frequency 
with increasing equivalent Reynolds number 
(based  on perforation hole s ize) .  The experi-  
mental  equipment and procedures  are s imi la r  
to those employed in previous work. 
4. "Liquid Sloshing in  a Spherical Tank Filled to an Arbi t ra ry  
Depth, I' by Wen-Hwa Chu, Tech. Rept.  No.  4, 15 December 
1962 (a l so  see, AIAA Journal, 2 ,  11, pp. 1972-1979, 
November 1964). 
- 
The kernel function for  liquid sloshing in a 
spherical  tank filled to ,an a r b i t r a r y  depth is 
shown to be related to the Green 's  function 
cf the cecnnd kind and is constructed success-  
fully by numerical  means .  
a r e  then computed as eigenvalues of a matr ix .  
Eigen functions a r e  obtained at a finite number 
of points a s  the eigenvectors which a r e  sufficient 
for approximate evaluation of the force acting 
OT; the container.  Simple fnrm-idas  of force and 
moment  a r e  given for  both pitching and t ransla-  
tional oscillation under a fixed gravitational field. 
Finally, comparisons of predicted natural  f r e -  
quencies and force response with experiments 
for  a quarter-full tank are a l so  given. 
Natural  frequencies 
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5. "Measurements of Liquid Damping Provided by Ring Baffles 
in Cylindrical Tanks, by Luis  R.  Garza  and H. Norman 
Abramson, Tech. Rept. N o .  5,  1 Apri l  1963 (a l so  see ,  AIAA 
Journal  of Spacecraft and Rockets,  - 1,5,  pp. 560-562, 
September -October 1964). 
Measured data on the damping effectiveness of 
flat ring baffles in  partially filled cylindrical  
tanks is presented in  considerable detail. 
cular  emphasis is placed on the effects of baffle 
pe r  fora  tion. 
Parti- 
6. "A Brief Comparison of Ring and Asymmetr ical  Baffle 
Charac te r i s t ics ,  by Luis R. Garza ,  Tech. Rept. No. 6 , 
15 Apri l  1963. 
Because of the need to provide an  adequate degree 
of damping of fuel sloshing in  mis s i l e  tanks , a 
constant s ea rch  i s  being conducted for  improved 
baffling sys tems.  
study of ring baffle damping and liquid resonance 
effects, it was decided to compare these resu l t s  
with experimental studies of equal a r e a  asymmetr ica l  
baffles. The experimental  comparison is made  for 
a number of directions of translation excitation and 
for  various baffle depths below the liquid surface.  
The experimental  procedure and t e s t  equipment are  
similar to those employed previously. 
Upon completion of an extensive 
7 .  "A Pre l iminary  Analysis for  Optimum Design of Ring and 
Part i t ion Antislosh Baffles, I '  by C a r l  G. Langner,  Tech. Rept. 
No, 7;  30 April  1963. 
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P resen ted  he re  is a pre l iminary  analysis  of the 
factors  involved in designing a minimum weight 
baffle sys tem,  composed of r ings and/or  parti t ions,  
to prevent  excessive fuel sloshing in the propellant 
tanks of l a rge  rocket vehicles. By specifying over 
a given frequency range a maximum permiss ib le  
force response due to liquid sloshing, a s e t  of p e r -  
mit ted combinations among the ring and parti t ion 
baffle s t ruc tures  is  determined, each of which suf- 
ficiently suppresses  the liquid motion. The overal l  
min imum weight baffle sys tem is then determined 
f rom a strength analysis of the permit ted baffle s t ruc -  
tu res .  
moderate  damping a plain ring baffle sys tem has 
minimum weight. 
Results of a typical example indicate that for 
8. "Measurements of Liquid Natural  Frequencies  and Damping in  
Compartmented Cylindrical Tanks,  '' by Luis  R. Garza ,  Tech. 
Rept. No .  8, 5 February  1964 (a l so  see ,  AIAA Journal  of 
Spacecraft  and Rockets, - 2 ,  3, pp. 453-455, May-June 1965). 
This repor t  presents  experimental  resonant f r e -  
quencies and damping rat ios  for 45O,  60°, and 90° 
compartmented tanks. These a r e  presented for  
various sector  wall configurations and translational 
excitation amplitudes. 
9 .  "An Exploratory Study of Simulation of Liquid Impact in Space 
Vehicle and Booster Tanks, " by John F. Dalzell and Luis R .  
Garza ,  Tech. Rept. No. 9,  September 1964. 
This  r epor t  summarizes  exploratory work oriented 
toward the general  problem of liquid impact  in space 
vehicle and booster tanks. In p a r t  the work involved 
putting back in operation the impact tes t  facility previ-  
ously used in  ear l ie r  work conducted for the ABMA. 
out with the conclusion that while fluid simulation for  
the launch abor t  case is possible in selected circum- 
stances it is doubtful that simulation can be attained 
for  every  conceivable case .  
lation of the general  low gravity case  in the laboratory 
is doubtful though apparently possible in par t icular  in- 
s tances .  Since i t  does not appear  possible to eliminate 
fluid sca le  effects in very many cases  by experimental  
design, the magnitude of sca le  effect m u s t  be established. 
To this end a se r i e s  of experiments to check for viscous 
and  surface tension scale  effects was planned and p a r -  
t ial ly ca r r i ed  out on the fluid impact  facility. 
Geiiel.21 fluid ix1pact sirLu!ation studies -?"rere carried 
Similarly successful simu- 
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10. "A Comparison of Theoretical  and Experimental  P r e s s u r e s  
and F o r c e s  Acting on a Ring Baffle Under Sloshing Condi- 
tions," by Luis  R .  Garza,  Tech. Rept. No.  10, May 1965 
(a l so ,  submitted for publication in AIAA Journal  of Space- 
c raf t  and Rockets). 
A comparison is presented of non- dimensionalized 
theoretical  and experimental p r e s s u r e s  and forces  
acting on a flat  ring baffle under sloshing conditions. 
Comparisons a r e  made  for various baffle depths and 
for  three values of tank excitation amplitudes. F o r c e  
measurements  for various perforated baffles are  a l so  
presented. 
11. "Moment of Iner t ia  and Damping of Liquids in Baffled 
Cylindrical Tanks, " by Franklin T. Dodge and Daniel D. 
Kana, Tech. Rept. No.  11, 4 June 1965 (a l so  see ,  AIAA 
Journal  of Spacecraft  and Rockets, to appear) .  
The moment  of iner t ia  and the damping of a liquid in 
a completely filled, closed cylindrical tank is investi-  
gated experimentally for tanks with and without baffles. 
The resu l t s  are compared with Bauer 's  mechanical 
model, and i t  is shown that a s impler  model,  which, 
however, is not conceptually co r rec t  for  extremely 
la rge  damping, is sufficient for  cases  where only 
small damping is expected. 
of computing the liquid moment  of iner t ia  in a baffled 
tank is given. 
An approximate method 
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RECOMMENDATIONS FOR FURTHER RESEARCH 
ON LATERAL LIQUID SLOSHING 
The nonlinear aspec ts  of la teral  sloshing in cylindrical compart-  
mented and spherical  tanks noted in this r e sea rch  p rogram demand 
fur ther  consideration. 
phenomena in applications of actual launch vehicles is as yet somewhat 
unclear,  our analytical ability to explain and predict  such nonlinear 
behavior i s  sufficiently 
placed upon laboratory investigations. 
toward the development of equivalent mechanical models  of liquid slosh- 
ing that incorporate  such nonlinear effects. 
aspec ts  of the s losh forces  and frequencies arise essentially as a conse- 
quence of tank geometry r a the r  than of la rge  amplitudes of excitation, 
careful  attention should be  given to data f rom future launch vehicle 
fl ight programs in an effort  to  detect the actual occurrence of any such 
phenomena. 
Even though the prac t ica l  importance of these 
l imited that increased emphasis  should be 
Efforts mus t  a l so  be directed 
Because these nonlinear 
The response of liquids in containers subjected to random 
excitation has  virtually been ignored in previous investigations. 
exploratory laboratory investigation would appear  warranted.  
An 
Recently proposed advantages of so-called "flexible" baffles 
appea r  to be sufficiently attractive a s  to justify fur ther  investigation. 
The  present ly  available laboratory data should be extended to encompass 
a b roade r  range of baffle parameters  and excitation conditions. 
. 
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The ever  -increasing importance of low gravi ty  problems 
Because of the ve ry  g rea t  continues to demand additional study. 
difficulties in obtaining z e r o  -g conditions in the laboratory,  the full 
possibil i t ies of simulation m u s t  be exploited and employed to comple- 
ment  drop tower and other similar programs.  
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APPENDIX 
RELATED RESEARCH PROGRAMS AT SwRI 
The general  research program covered in  this r epor t  is to be 
continued under a new contract  with NASA-MSFC, still in  p rocess  of 
execution. 
A program,  initiated on 29 June 1963, is being ca r r i ed  out under 
Contract  No. NAS8-11045, a l so  with Marshal l  Space Flight Center .  The 
a r e a  of r e s e a r c h  of this program generally concerns nonlinear effects 
in r igid and elast ic  tanks subject to longitudinal (ver t ical)  excitation. 
The Office of Advanced Research and Technology of NASA, under 
Contract  No.  NASr-94(07), is sponsoring the preparat ion of a comprehen- 
sive monograph on all aspects of liquid dynamic behavior in rocket propel-  
lant  tanks. The monograph is now in p rocess  of final printing by NASA. 
Two somewhat l imited investigations a r e  being conducted as p a r t  
of the SwRI Internal  Research  Program,  both dealing with nonlinear 
dynamics of partially-filled elastic shells.  
Design problems associated with passive ant i - rol l  stabilization 
tank sys tems for  surface ships  a r e  s imi la r  in many respects  to those of 
propellant sloshing in rocket tanks. 
under sponsorship of the U. S. Navy BuShips General  Hydromechanics 
R e s e a r c h  P r o g r a m ,  administered by the David Taylor Model Basin under 
Cont rac t  No. Nonr-3926( 00). 
Work in this area is being conducted 
The various technical papers and repor t s  prepared  by SwRI under 
both completed and cu r ren t  contracts a r e  l is ted in the following pages.  
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